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1. INTRODUCTION {#rmv1967-sec-0001}
===============

With approximately a million cancer‐caused deaths per year, oncogenic viruses are a major cause of cancer‐related mortality; indeed, approximately 10% to 18% of human malignancies are linked to viruses, globally.[1](#rmv1967-bib-0001){ref-type="ref"}, [2](#rmv1967-bib-0002){ref-type="ref"} To date, 7 human viruses, namely, HCV, HBV, HPV, EBV, HTLV‐1, Kaposi\'s sarcoma‐associated herpes virus (KSHV), and Merkel cell polyomavirus (MCV) have been etiologically involved in the development of human cancers.[3](#rmv1967-bib-0003){ref-type="ref"} In addition, there are other viruses implicated in human carcinogenesis whose causal roles have yet to be fully confirmed.[4](#rmv1967-bib-0004){ref-type="ref"} To prevent and manage viral‐mediated cancers appropriately, the molecular events underlying the interactions between both oncogenic viruses and cells should be clearly understood. Transforming growth factor (TGF)‐β signaling pathway is a key signaling network, with a diverse range of pathophysiological activities, playing essential roles in processes such as cell proliferation and differentiation, apoptosis, inflammation, angiogenesis, epithelial‐to‐mesenchymal transition (EMT), and tumorigenesis.[5](#rmv1967-bib-0005){ref-type="ref"} Accordingly, it is not surprising that its loss of regulation can contribute to a broad range of pathologies such as cancer.[6](#rmv1967-bib-0006){ref-type="ref"}, [7](#rmv1967-bib-0007){ref-type="ref"} In this regard, the present review focuses on describing the modulation of this pivotal pathway by either tumor‐caused or tumor‐associated viruses. It first outlines the key aspects of the TGF‐β pathway, before focusing on the existing literature on the subject of viral interference with TGF‐β signaling.

2. THE TGF‐β SIGNALING PATHWAY {#rmv1967-sec-0002}
==============================

TGF‐β signaling plays vital roles in both biological processes and diseases. Regarding tumorigenesis, it exhibits a dual role by demonstrating anti‐tumor effects (through inhibiting the proliferation and inducing apoptosis) and pro‐oncogenic activities (via inducing EMT and tumor metastasis) during early and late stages of oncogenesis, respectively.[6](#rmv1967-bib-0006){ref-type="ref"}, [8](#rmv1967-bib-0008){ref-type="ref"} This pathway mediates its functions through TGF‐β cytokines whose binding to type II and type I serine‐threonine kinase receptors (known as TGFbRI and TGFbRII, respectively) results in the activation of 2 different downstream pathways; SMAD‐dependent and SMAD‐independent pathways.[9](#rmv1967-bib-0009){ref-type="ref"} Indeed, the effects of TGF‐β are often controlled by 3 TGFβ ligands, TGF‐β1, TGF‐β2, and TGF‐β3, secreted as latent protein complexes, required to be activated by proteolytic cleavage before binding to receptors.[9](#rmv1967-bib-0009){ref-type="ref"} Activated TGF‐β interacts with and activates TGFbRII, leading to the phosphorylation of TGFbRI, whose activation results in signal transduction via recruiting and phosphorylating receptor‐regulated SMADs (R‐SMAD), SMAD2 and SMAD3, which subsequently interact with Co‐SMADs (eg, SMAD4) to form the activated SMADs complex, that thereafter, translocate into the nucleus, wherein it exerts its regulatory effects on the expression of target genes, by recruiting other co‐activator or co‐repressor factors for transcription (eg, p300, CBP) (Figure [1](#rmv1967-fig-0001){ref-type="fig"}).[10](#rmv1967-bib-0010){ref-type="ref"}, [11](#rmv1967-bib-0011){ref-type="ref"} Furthermore, TGFbRIII is another TGF‐β receptor, playing a coreceptor role for TGFbRII.[12](#rmv1967-bib-0012){ref-type="ref"} SMAD‐dependent cascade, as the major TGF‐β signaling mediator, conveys signals from TGFbRI to the nucleus in a linear pathway, a process blocked by inhibitory SMADs (I‐SMADs); for instance, SMAD7 represses this pathway either via interacting with activated TGFbRI, and hence, preventing R‐SMAD activation or through recruiting SMURF2, a ubiquitin‐ligase, which promotes SMAD2 and TGFbRI decrease and downmodulates SMAD3 function.[10](#rmv1967-bib-0010){ref-type="ref"}, [13](#rmv1967-bib-0013){ref-type="ref"}, [14](#rmv1967-bib-0014){ref-type="ref"} Perturbations of this cascade can lead to tumorigenesis and tumor promotion via either direct or indirect effects on key cellular process.[15](#rmv1967-bib-0015){ref-type="ref"} For example, SMAD4 and TGFbRII were shown to be often disrupted by mechanisms such as allelic loss of heterozygosity (LOH) and mutation in multiple carcinomas.[16](#rmv1967-bib-0016){ref-type="ref"} Similarly, disturbed SMAD4 has also been observed in a number of malignancies, representing a tumor suppressor role for this pathway.[17](#rmv1967-bib-0017){ref-type="ref"} In addition to the SMADs cascade, which plays the central role,[10](#rmv1967-bib-0010){ref-type="ref"} TGF‐β can also interact with other signaling cascades, those mediated independently of the SMAD factors, such as p38 MAP kinases, c‐Jun N‐terminal kinase (JNK), Ras‐ERK, PI3K‐Akt, and small GTPases (eg, RhoA), in a cell type‐specific manner.[18](#rmv1967-bib-0018){ref-type="ref"}, [19](#rmv1967-bib-0019){ref-type="ref"}, [20](#rmv1967-bib-0020){ref-type="ref"}

![An overview of the TGF‐β signaling pathway](RMV-28-e1967-g001){#rmv1967-fig-0001}

3. TUMOR‐CAUSED VIRUSES AND TGF‐β SIGNALING {#rmv1967-sec-0003}
===========================================

3.1. Hepatitis C virus {#rmv1967-sec-0004}
----------------------

HCV is a member of the Flaviviridae family with a single stranded RNA, acting as a major cause of liver diseases, including fibrosis, cirrhosis, and hepatocellular carcinoma (HCC). In patients with chronic HCV infection, chronic liver disease (CLD) occurs in 50% of the cases leading to 5% to 20% cirrhosis, of which, 1% to 2% result in HCC, a pathology causing for approximately 600 000 deaths per year.[21](#rmv1967-bib-0021){ref-type="ref"} Dysregulation of TGF‐β signaling has been implicated in the pathogenesis of all stages of the liver diseases,[22](#rmv1967-bib-0022){ref-type="ref"} a cytokine whose upregulated level has been reported both in liver tissue and serum of patients with chronic HCV infection and HCC.[23](#rmv1967-bib-0023){ref-type="ref"} Recently, Jee found high levels of expressing TGF‐β in hepatocytes of HCV patients, as well as, in HCV‐infected hepatocytes cultured in vitro, as that of cultured cells was sufficient to activate liver fibrosis‐associated cells, hepatic stellate cells (HSC), a new mechanism underlying liver fibrogenesis.[24](#rmv1967-bib-0024){ref-type="ref"} Accordingly, the HCV E2 protein was reported as cause of this overproduction, by acting through glucose‐regulated protein 94 (GRP94) mediated NF‐κB activation, which proposed GRP94 as a potential target for preventing HCV‐caused liver cirrhosis. Relevant in this regard, other investigations have shown an upregulated level of TGF‐β either directly by HCV factors, in particular core protein, or via NF‐κB and oxidative/ER stress activation.[25](#rmv1967-bib-0025){ref-type="ref"}, [26](#rmv1967-bib-0026){ref-type="ref"}, [27](#rmv1967-bib-0027){ref-type="ref"}, [28](#rmv1967-bib-0028){ref-type="ref"}, [29](#rmv1967-bib-0029){ref-type="ref"} Taniguchi indicated TGF‐β upmodulation at the transcriptional levels by HCV core protein.[28](#rmv1967-bib-0028){ref-type="ref"} Furthermore, HCV core protein also increases active TGF‐β levels by thrombospondin (THBS), an anti‐angiogenic factor whose function is mediated in part through activating the latent form of TGF‐β, and thus SMAD2/3 phosphorylation, indicating TGF‐β signaling activation.[29](#rmv1967-bib-0029){ref-type="ref"} Similarly, HCV increases ROS production, which in turn activates the p38 MAPK, JNK, and ERK pathways, leading to NFκB activation that induces TGF‐β production.[30](#rmv1967-bib-0030){ref-type="ref"} Conversely, HCV NS5A protein was able to block a pivotal transcriptional activator for TGF‐β gene expression, known as AP‐1, through interrupting the Ras‐ERK pathway.[24](#rmv1967-bib-0024){ref-type="ref"} In addition to overexpression or activation of TGF‐β cytokine, HCV also interferes with downstream TGF‐β signaling components and mediators.[31](#rmv1967-bib-0031){ref-type="ref"}, [32](#rmv1967-bib-0032){ref-type="ref"}, [33](#rmv1967-bib-0033){ref-type="ref"} TGF‐β arrests cell cycle promotion by upmodulation of inhibitory factors such as p21, a key role whose inhibition exerts a fundamental effect on tumor progression.[34](#rmv1967-bib-0034){ref-type="ref"} Recently, Choi showed HCV NS5A protein acts as a negative modulator, where it interacts with TGFbRI, resulting in inhibition of SMAD2 phosphorylation and SMADs complex formation and then in downmodulation of p21 expression.[31](#rmv1967-bib-0031){ref-type="ref"} Furthermore, HCV core protein suppresses TGF‐β--induced p21 overexpression in a transcriptional‐dependent manner. In fact, HCV core protein functions through the TGF‐β‐responsive element (TβRE) positioned in the p21 promoter region to repress the p21 promoter by suppression of TGF‐β pathway; a mechanism by which HCV results in cell growth induction.[32](#rmv1967-bib-0032){ref-type="ref"} In the same way, Cheng showed 2 physical interactions between the HCV core and NS3 proteins with SMAD3 factor, which was shown to suppress the SMAD3‐mediated transcriptional activation of target genes via reducing the SMAD3 binding ability to the SMAD binding elements (SBE) located in the promoter regions.[33](#rmv1967-bib-0033){ref-type="ref"} Pavio by assessing core variants isolated from both tumoral and non‐tumoral tissues of the same HCC patient reported in contrast to tumor derived variants, which block TGF‐β signaling, no such effects were exerted by non‐tumoral ones.[35](#rmv1967-bib-0035){ref-type="ref"} Additionally, their findings demonstrated a direct interaction between core and SMAD3, which in turn inhibited the DNA‐binding activity of SMAD3. Hence, it could be concluded that during chronic infection, those viral variants would be selected that provoke cell transformation via enhancing resistance to anti‐proliferative activities of TGF‐β. Battaglia similarly found HCC‐derived HCV core proteins are capable of shifting TGF‐β responses from anti‐tumor to pro‐tumor effects via reducing SMAD3 signaling.[36](#rmv1967-bib-0036){ref-type="ref"} This duality of function of TGF‐β in tumorigenesis was also further observed in another study, where a TGFbRI‐independent SMAD3 activation by TGF‐β resulted in a shift of TGF‐β activity from tumor‐suppressor to fibrogenic in HCV‐chronically infected patients; in these patients, TGF‐β activated c‐JNK, which in turn phosphorylated SMAD3 into linker‐phosphorylated SMAD3 (pSMAD3L) and led to extracellular matrix (ECM) deposition via upmodulating plasminogen activator inhibitor 1 (PAI‐1), a process, which increased during liver disease course from chronic hepatitis through cirrhosis to HCC.[37](#rmv1967-bib-0037){ref-type="ref"} Interestingly, HCV may be able to indirectly block TGF‐β mediated‐apoptosis via inducing the PI3K‐Akt survival pathway. This PI3K‐Akt‐mediated survival signal could be directed by NS5A, which is capable of downmodulating PTEN, an inhibitor of the PI3K‐Akt pathway.[38](#rmv1967-bib-0038){ref-type="ref"} HCV also affects TGF‐β signaling via interacting with SMURF2, a key negative regulator of the TGF‐β pathway. HCV NS3‐4A targets SMURF2, resulting in enhanced SMAD2/3 phosphorylation and then in increased TGF‐β signaling, an event, which is inhibited by SMURF2 overexpression.[14](#rmv1967-bib-0014){ref-type="ref"} Taken together, these observations show how TGF‐β signaling can be both negatively and positively regulated by HCV to affect the pathogenesis of HCV infection outcomes (Figure [2](#rmv1967-fig-0002){ref-type="fig"}).

![A schematic illustration of the major HCV proteins and corresponding targets, by which HCV modulates the TGF‐β signaling pathway](RMV-28-e1967-g002){#rmv1967-fig-0002}

3.2. Hepatitis B virus {#rmv1967-sec-0005}
----------------------

HBV is a DNA virus pertained to the Hepadnaviridae family, known as another major risk factor for cirrhosis and HCC progression.[39](#rmv1967-bib-0039){ref-type="ref"}, [40](#rmv1967-bib-0040){ref-type="ref"} HBV chronic infection is currently estimated to influence almost 240 million people, globally, of which approximately 10% have an increased risk of developing cirrhosis and HCC.[4](#rmv1967-bib-0004){ref-type="ref"}, [41](#rmv1967-bib-0041){ref-type="ref"} Similar to HCV, HBV also interacts with the TGF‐β pathway, a phenomenon mainly mediated by HBV X protein (HBx), which may exert diverse effects on the pathogenesis of the HBV‐mediated liver pathologies[7](#rmv1967-bib-0007){ref-type="ref"}, [21](#rmv1967-bib-0021){ref-type="ref"}, [42](#rmv1967-bib-0042){ref-type="ref"}, [43](#rmv1967-bib-0043){ref-type="ref"} (Figure [3](#rmv1967-fig-0003){ref-type="fig"}). Evidence by Murata further supported the hypothesis that the TGF‐β pathway is directly involved in liver tumorigenesis, where HBx was shown to switch the target of hepatocytic TGF‐β signaling from the TGFbRI/pSmad3C/p21 anti‐tumor pathway to the JNK/pSmad3L/c‐Myc tumor supportive pathway in the early stages of liver carcinogenesis.[43](#rmv1967-bib-0043){ref-type="ref"} Subsequently, the same result was reported by WU investigating the effect of TGF‐β on HBx‐expressing well‐differentiated HCC cells.[42](#rmv1967-bib-0042){ref-type="ref"} As a result, the JNK/pSmad3L pathway can be regarded as a potential candidate toward preventing and treating HBV‐mediated HCC. It is thought the upregulated TGF‐β pathway enhances the invasive and metastatic potential of HCC cells, by suppressing E‐cadherin expression and promoting <https://www.frontiersin.org/articles/10.3389/fmicb.2012.00247/full> (Treg) induction.[7](#rmv1967-bib-0007){ref-type="ref"}, [21](#rmv1967-bib-0021){ref-type="ref"}, [44](#rmv1967-bib-0044){ref-type="ref"} In this respect, Liu suggested a new mechanism underlying the pathogenesis of HBV‐caused HCC; HBx downmodulates protein phosphatase magnesium‐dependent 1A (PPM1a) levels, resulting in overactivation of the TGF‐β signaling pathway.[7](#rmv1967-bib-0007){ref-type="ref"} In fact, HBx was shown to promote the degradation of PPM1a, a p‐Smad2/3 phosphatase required for terminating TGF‐β signaling, through elevating its ubiquitination. Furthermore, Yoo showed HBx upregulates TGF‐β expression by acting through the Egr transcription factors binding site.[45](#rmv1967-bib-0045){ref-type="ref"} A study by Lee also demonstrated that HBx directly interacts with SMAD4 leading to the SMAD complex stabilization and enhanced TGF‐β signaling.[46](#rmv1967-bib-0046){ref-type="ref"} In this way, HBV may affect cancer invasion in HCC, by upmodulating the TGF‐β pathway. Moreover, HBx has also been shown to prevent TGF‐β mediated‐apoptosis via upregulating the PI3‐kinase signaling pathway activity.[47](#rmv1967-bib-0047){ref-type="ref"} In addition to HBx, HBV transcripts have also been implicated in the pathogenesis of HCC.[48](#rmv1967-bib-0048){ref-type="ref"} A recent study demonstrated HBV mRNAs could bind to and absorb microRNA 15a/16 to inhibit apoptosis.[49](#rmv1967-bib-0049){ref-type="ref"} The importance of this interaction was subsequently highlighted, when the authors interestingly found that SMAD7 acts as a target of miR‐15a.[48](#rmv1967-bib-0048){ref-type="ref"} Thus, HBV can increase the level of SMAD7 and then block TGF‐β signaling and corresponding responses (eg, apoptosis) by downmodulating miR‐15a, an attractive molecular target for therapeutic development.

![A schematic illustration of the major HBV factors and corresponding targets, by which HBV modulates the TGF‐β signaling pathway](RMV-28-e1967-g003){#rmv1967-fig-0003}

3.3. Human papilloma virus {#rmv1967-sec-0006}
--------------------------

HPVs are DNA viruses associated with the development of cervical, anal, and head and neck cancers. The majority of cervical cancer is mediated by HPV16 and HPV18 encoding the E6 and E7 oncoproteins.[50](#rmv1967-bib-0050){ref-type="ref"}, [51](#rmv1967-bib-0051){ref-type="ref"} There is a close relationship between HPV infection and the TGF‐β pathway in cervical tissues; investigations have reported upmodulated TGF‐β levels in HPV‐positive cervical cancers compared with HPV‐negative ones and have suggested a positive correlation between the expression levels of TGF‐β and the HPV E6/E7 oncogenes, which may be due to trans‐regulatory functions of the E6/E7 oncoproteins, so that, HPV16 E6/E7 have been shown to enhance TGF‐*β* promoter activity by interacting with an Sp1‐binding site placed in the TGF‐β core promoter.[52](#rmv1967-bib-0052){ref-type="ref"} However, a prominent aspect of malignant transformation in cervical epithelial cells is the progressive loss of TGF‐β responsiveness.[53](#rmv1967-bib-0053){ref-type="ref"} In this respect, studies demonstrate a contributing role for HPV in the acquisition of TGF‐β resistance in cervical cancer (Figure [4](#rmv1967-fig-0004){ref-type="fig"}). HPV16 E7 interacts with SMAD2, SMAD3, and SMAD4 leading to inhibition of SMAD3 binding to its DNA targets and then blocking the pathway.[54](#rmv1967-bib-0054){ref-type="ref"} HPV16 E5 downregulates the TGF‐β pathway by lowering the expression of TGFbRII, as well as, by reducing SMAD2 phosphorylation and SMAD4 nuclear translocation, which may play a crucial role in the HPV‐induced cervical carcinogenesis.[55](#rmv1967-bib-0055){ref-type="ref"} Through decreasing the intracellular levels of TIP‐2/GIPC, a PDZ protein involved in the expression of TGFbRIII, HPV18 E6 was shown to render HeLa cells less sensitive to the anti‐growth activities of TGF‐β.[56](#rmv1967-bib-0056){ref-type="ref"} HPV16 E7 was also found to interfere with the growth‐inhibitory effects of the cyclin‐dependent kinase inhibitors p21^CIP1^, p27^KIP1^, and p15^INKB^, which are induced by TGF‐β.[57](#rmv1967-bib-0057){ref-type="ref"} Furthermore, Mendoza demonstrated a similar activity for HPV5, a causative agent for skin carcinomas; it was shown that HPV5 E6 could bind to SMAD3 and destabilize the SMAD3/SMAD4 complex.[58](#rmv1967-bib-0058){ref-type="ref"} Similarly, the cutaneous HPV8 and MmuPV1 (a recently detected HPV) E6 proteins interact with SMAD2/SMAD3 and suppress the TGF‐β pathway.[59](#rmv1967-bib-0059){ref-type="ref"} These findings show that how may these interactions be important in the development of HPV‐associated tumors, in particular cervical cancer.

![A schematic illustration of the major HPV proteins and corresponding targets, by which HPV modulates the TGF‐β signaling pathway](RMV-28-e1967-g004){#rmv1967-fig-0004}

3.4. Epstein‐Barr virus {#rmv1967-sec-0007}
-----------------------

EBV is a DNA virus from the Herpesviridae family, involved in Hodgkin\'s lymphoma, Burkitt\'s lymphoma (as B‐cell cancres), nasopharyngeal carcinoma, gastric cancer (as epithelial malignancies),[60](#rmv1967-bib-0060){ref-type="ref"}, [61](#rmv1967-bib-0061){ref-type="ref"} and autoimmune diseases.[62](#rmv1967-bib-0062){ref-type="ref"} In these tumors, EBV establishes latent infections, expressing only a subset of viral genes, allowing the virus to affect cellular signaling contributing to oncogenesis.[63](#rmv1967-bib-0063){ref-type="ref"} EBV may interfere with TGF‐β signaling to promote tumorigenesis (Figure [5](#rmv1967-fig-0005){ref-type="fig"}). Takanashi *reported* EBV‐encoded latent membrane protein 1 (LMP‐1) caused loss of TGF‐β sensitivity in rodent fibroblasts.[64](#rmv1967-bib-0064){ref-type="ref"} Arvanitakis *earlier* had demonstrated LMP‐1 inhibited TGF‐β‐mediated growth suppression in EBV‐positive B lymphocytes.[65](#rmv1967-bib-0065){ref-type="ref"} Subsequently, LMP‐1 was indicated to suppress the activation of TGF‐β signaling and TGFβ‐induced growth suppression via an NF‐κB‐dependent mechanism.[66](#rmv1967-bib-0066){ref-type="ref"} Indeed, LMP‐1 was suggested to activate NF‐κB that in turn and in competition with SMAD proteins interacts with the transcriptional coactivator CBP and p300, those factors essential for SMADs to function as transcriptional effectors. In other words, it seems the LMP‐1‐mediated inhibitory effect on SMAD‐dependent transcription results from inhibition of the transcriptional cofactors involved in SMAD transcriptional function, but not owing to suppression of TGF‐β‐induced SMAD signaling through mechanisms such as affecting the formation of SMAD heteromers or their DNA binding activities; similarly, LMP‐1 suppresses ATF3, a transcriptional repressor induced by SMAD signaling, whose association with SMADs blocks the expression of a growth promoting gene, known as Id1. However, in the absence of this factor, SMAD3 binds to Id1 promoter directly, resulting in Id1 upmodulation.[67](#rmv1967-bib-0067){ref-type="ref"} In this way, it can be seen how the well‐documented "double‐edged sword" nature of TGF‐β signaling is manipulated by EBV. While, LMP‐1 increases the expression of TGF‐β and SMAD2 phosphorylation but also blocks SMAD‐dependent transcription and TGFβ‐mediated cytostasis, and exerts its effects by using the non‐SMAD arm of TGF‐β signaling; it enhances the secretion of fibronectin through the JNK/SAPK pathway,[68](#rmv1967-bib-0068){ref-type="ref"} which can contribute to tumor invasiveness. EBV also affects the pathway via EBNA‐1 protein, so that, it decreases SMAD2 levels by enhanced protein turnover.[69](#rmv1967-bib-0069){ref-type="ref"}, [70](#rmv1967-bib-0070){ref-type="ref"} Accordingly, EBNA‐1 represses TGF‐β‐induced transcription of βig‐h3 (a TGF‐β‐target gene implicated in cell growth, differentiation, and apoptosis), and PAI‐1 (a classical target of TGF‐β) in carcinoma cells,[70](#rmv1967-bib-0070){ref-type="ref"} as well as, PTPRK (a functional tumor suppressor in Hodgkin lymphoma cells) leading to the growth and survival of these cancer cells.[69](#rmv1967-bib-0069){ref-type="ref"} EBV‐encoded BARF1 is another EBV factor by which the virus modulates the TGF‐β pathway enhancing cell proliferation in gastric cancer; in an NFκB‐dependent manner, BARF1 upmodulate miR‐146a‐5p levels that directly targets SMAD4 and reduces its levels in gastric cancer cells.[71](#rmv1967-bib-0071){ref-type="ref"} LMP‐1 also induces miR‐146a expression that may similarly suppress SMAD4 protein.[72](#rmv1967-bib-0072){ref-type="ref"} In summary, reports suggest these EBV proteins as promising target for therapeutic interventions, so that a BARF1‐specific mAb was proposed as a novel immunotherapeutic tool toward the management of EBV‐associated malignancies.[73](#rmv1967-bib-0073){ref-type="ref"}

![A schematic illustration of the major EBV proteins and corresponding targets, by which EBV modulates the TGF‐β signaling pathway](RMV-28-e1967-g005){#rmv1967-fig-0005}

3.5. Kaposi\'s sarcoma‐associated herpes virus {#rmv1967-sec-0008}
----------------------------------------------

KSHV is a Herpesvirus implicated in the onset of Kaposi\'s sarcoma, multicentric Castleman\'s disease, and primary effusion lymphoma (PEL).[74](#rmv1967-bib-0074){ref-type="ref"} KSHV infection comprises 2 latent and lytic phases, which its transforming properties mainly root from the expression of latent genes such as kaposin, viral micro RNAs, viral Fas‐ associated death domain IL‐1β‐converting enzyme inhibitory protein (vFLIP), viral cyclin (vCyc), and latency‐associated nuclear antigen (LANA), through enhancing the survival and proliferation of the virus‐ infected cancer cells.[75](#rmv1967-bib-0075){ref-type="ref"} Dysregulation of TGF‐β signaling importantly contributes to cell survival and proliferation in KSHV infection,[76](#rmv1967-bib-0076){ref-type="ref"} and in this way, investigations have reported an interfering role of KSHV‐encoded products with this pathway (Figure [6](#rmv1967-fig-0006){ref-type="fig"}).[77](#rmv1967-bib-0077){ref-type="ref"} TGF‐β signaling has been reported to be suppressed by LANA in PEL via the association of this KSHV‐encoded protein with the promoter region of TGFbRII and subsequently histone methylation and deacetylation and then downregulation of this receptor, contributing to resistance to the antiproliferative effects of TGF‐β.[77](#rmv1967-bib-0077){ref-type="ref"} Choi was able to show that vFLIP and vCyclin upregulate the expression of the oncogenic miR‐17‐92 cluster that in turn interact with the TGF‐β pathway via downmodulating SMAD2 protein.[75](#rmv1967-bib-0075){ref-type="ref"} KSHV not only modifies the expression of cellular miRNAs, but also encodes for viral miRNAs to interact with TGF‐β signaling. KSHV‐encoded miR‐K12‐11 targets SMAD5 to block TGFβ signaling, and hence, facilitating cell survival and proliferation. Furthermore, suppression of this viral miRNA eliminates this suppression in B cells infected by KSHV.[76](#rmv1967-bib-0076){ref-type="ref"} Similarly, KSHV miR‐K10 variants repress the pathway through targeting TGFbRII, so that its expression is adequate to block TGF‐β‐mediated cell apoptosis in KSHV‐infected PEL cells.[74](#rmv1967-bib-0074){ref-type="ref"} THBS1 has been suggested as another KSHV‐encoded miRNAs target; miR‐K12 targets this factors resulting in repression of TGF‐β signaling.[78](#rmv1967-bib-0078){ref-type="ref"} In addition to the latent proteins, 2 KSHV lytic products also interfere with TGF‐β signaling; viral interferon regulatory factor 1 (vIRF‐1) was demonstrated to perturb TGF‐β‐induced transcription and growth arrest through direct interaction with both SMAD3 and SMAD4, leading to interrupting the formation of SMAD3‐SMAD4 complex and their DNA binding activity.[79](#rmv1967-bib-0079){ref-type="ref"} Furthermore, by binding to the transcriptional coactivator CBP and blocking its recruitment into transcription initiation complexes on TGF‐β‐responsive elements, the KSHV lytic protein, K‐bZIP, also inhibits TGF‐β signaling.[80](#rmv1967-bib-0080){ref-type="ref"}

![A schematic illustration of the major KSHV factors and corresponding targets, by which KSHV modulates the TGF‐β signaling pathway](RMV-28-e1967-g006){#rmv1967-fig-0006}

3.6. Human T‐cell Lymphotropic virus type 1 {#rmv1967-sec-0009}
-------------------------------------------

HTLV‐1, the causative agent of adult T‐cell leukemia (ATL), has also been involved in TGF‐β signaling interruption (Figure [7](#rmv1967-fig-0007){ref-type="fig"}).[81](#rmv1967-bib-0081){ref-type="ref"}, [82](#rmv1967-bib-0082){ref-type="ref"}, [83](#rmv1967-bib-0083){ref-type="ref"} Reports indicate the HTLV‐1 Tax protein overexpresses high levels of TGF‐β mRNA and protein in mice models.[84](#rmv1967-bib-0084){ref-type="ref"} However, Tax was reported to repress the TGF‐β‐mediated transcriptional activation and growth inhibition, via competitive interactions with both SMAD factors and the transcriptional co‐activator p300, and also by preventing the SMADSs complex formation and binding to target sequences.[81](#rmv1967-bib-0081){ref-type="ref"} Furthermore, Tax inhibits TGF‐β signaling by JNK/c‐Jun activation and then the association of c‐Jun with SMAD3 and suppressing its DNA binding ability, which may significantly affect ATL leukemogenesis.[83](#rmv1967-bib-0083){ref-type="ref"} Similar to natural Tregs, ATL cells represent a CD4^+^CD25^+^ phenotype, and two‐thirds of ATL cases express FoxP3 suggesting that the cancer may root from <https://www.frontiersin.org/articles/10.3389/fmicb.2012.00247/full>‐infected natural Treg cells; nonetheless, recently Zhao found the HTLV‐1 bZIP factor (HBZ) interacts with SMAD3 and p300, forming a ternary complex that leads to increased association of SMAD3 and p300, enhanced signaling, and thereafter, induced Foxp3 expression in naive T cells, which allows the virus to convert infected T cells into Treg cells. Additionally, they reported that HBZ could overcome the Tax‐induced inhibition.[82](#rmv1967-bib-0082){ref-type="ref"} Taken together, these interactions proposed that the modulation of TGF‐β signaling may play a critical role in the HTLV‐1‐associated leukemogenesis.

![A schematic illustration of the major HTLV‐1 proteins and corresponding targets, by which HTLV‐1 modulates the TGF‐β signaling pathway](RMV-28-e1967-g007){#rmv1967-fig-0007}

4. TUMOR‐ASSOCIATED VIRUSES AND TGF‐β SIGNALING {#rmv1967-sec-0010}
===============================================

4.1. Cytomegalovirus {#rmv1967-sec-0011}
--------------------

CMV is a Herpesvirus associated with several tumors, such as colon, breast, and prostate cancers, acting as an oncomodulator by which enhance tumor growth through interfering with cell signaling in an established malignancy.[63](#rmv1967-bib-0063){ref-type="ref"} CMV also associates with poor graft outcome in renal disorders, and can result in miscarriage, stillbirth, and retardation of fetal growth in pregnancy.[85](#rmv1967-bib-0085){ref-type="ref"}, [86](#rmv1967-bib-0086){ref-type="ref"} Investigations showed the expression of TGF‐β in a variety of cells and tissues during CMV infection; brain samples of AIDS patients who had CMV encephalitis were indicated to have viral inclusions co‐localized with TGF‐β protein in cells with astrocyte‐specific glial filaments.[87](#rmv1967-bib-0087){ref-type="ref"} CMV increases in vitro expression of TGF‐β mRNA and protein from infected astrocytes, fibroblasts, and osteosarcoma cells.[87](#rmv1967-bib-0087){ref-type="ref"}, [88](#rmv1967-bib-0088){ref-type="ref"}, [89](#rmv1967-bib-0089){ref-type="ref"} Furthermore, in vitro transient expression of the CMV immediate early 1 and 2 (IE1, IE2) genes also induces TGF‐β expression.[88](#rmv1967-bib-0088){ref-type="ref"}, [90](#rmv1967-bib-0090){ref-type="ref"} For instance, the IE2 stimulates TGF‐β expression in human glioma cells, via interacting with the Egr‐1 DNA‐binding protein.[90](#rmv1967-bib-0090){ref-type="ref"} Additionally, CMV also augments the production of this cellular immune suppressive cytokine in several tumor cell types (eg, glioblastoma, leukemia, and osteosarcoma cells), affecting host immune responses toward these tumor cells.[91](#rmv1967-bib-0091){ref-type="ref"} CMV DNA and proteins were shown to be correlated with increased TGF‐β and arterial intimal thickening in tubuli and arterial endothelium in CMV infected human kidney allografts compared with uninfected allografts.[92](#rmv1967-bib-0092){ref-type="ref"} Similarly, enhanced urinary excretion of TGF‐β has also been found in urine samples of CMV‐positive renal transplant patients, which was associated with exacerbated fibrosis in biopsies taken from patients.[93](#rmv1967-bib-0093){ref-type="ref"} This association of CMV infection with enhanced TGF‐β expression reinforces the possibility that CMV may promote renal allograft rejection through CMV infection‐induced TGF‐β leading to fibrosis inside the allograft; CMV‐infected human renal tubular epithelial cells that were exposed to TGF‐β in vitro, developed EMT, after which the cells also activated extracellular latent form of TGF‐β. This effect may root from the induction of a known activator of latent TGF‐β, matrix metalloprotease 2 (MMP‐2), by IE1 and IE2.[85](#rmv1967-bib-0085){ref-type="ref"} Moreover, manipulated TGF‐β signaling by CMV may also be involved in defective placental development, and then in pregnancy‐associated complications. In CMV‐infected placental blood vessels, the virus infected endothelial cells induced the expression of TGF‐β (and TGF‐β signaling) and collagen IV through increasing αvβ6 integrin production, proposing that CMV infection of the placenta may modify ECM, enabling the virus to translocate throughout the placenta to infect the fetus.[94](#rmv1967-bib-0094){ref-type="ref"} Extravillous cytotrophoblast (EVT) invasion into the endometrium is a critical event to remodel the uterine arterioles during normal pregnancy, whose dysfunction results in impaired placental blood flow.[95](#rmv1967-bib-0095){ref-type="ref"} An in vitro study revealed that CMV may inhibit EVT proliferation and invasion by dysregulating the TGF‐β pathway; so that, the levels of TGF‐β, SMAD2, SMAD3, and SMAD4 mRNA were significantly increased, but those of TGFβRI, TGFβRII, SMAD7, MMP2, and MMP9 were reported to be decreased by HCMV infection.[86](#rmv1967-bib-0086){ref-type="ref"}

HIV‐1, a lentivirus, whose infection is associated with an increased risk of developing cancers of other infectious agents,[96](#rmv1967-bib-0096){ref-type="ref"} also may affect TGF‐β signaling. Elevated concentrations of active TGF‐β were recorded in patients with HIV‐1 infection.[97](#rmv1967-bib-0097){ref-type="ref"} Furthermore, HIV‐1 gp160 increases the levels of TGF‐β in human PBMC,[98](#rmv1967-bib-0098){ref-type="ref"} and also inactivated HIV and gp120 elevate TGF‐β expression, by which enhance HCV replication, and then, exacerbate HCV‐caused liver disease.[99](#rmv1967-bib-0099){ref-type="ref"}

5. OTHER HUMAN VIRUSES {#rmv1967-sec-0012}
======================

Viral pathogens currently not associated with oncogenesis also modulate the TGF‐β pathway. Severe acute respiratory syndrome (SARS)‐coronavirus (CoV), a RNA virus known to cause outbreak of SARS disease, targets TGF‐β signaling[100](#rmv1967-bib-0100){ref-type="ref"}, [101](#rmv1967-bib-0101){ref-type="ref"}, [102](#rmv1967-bib-0102){ref-type="ref"}, [103](#rmv1967-bib-0103){ref-type="ref"}; SARS‐CoV papain‐like protease (Plpro) stimulates the TGF‐β mRNA and protein production and pro‐fibrotic genes expression by the p38 MAPK and ERK1/2‐mediated pathways in human promonocytes (Figure [8](#rmv1967-fig-0008){ref-type="fig"}).[102](#rmv1967-bib-0102){ref-type="ref"} In human lung epithelial cells and mouse models, SARS‐CoV Plpro also upregulated the level of Egr‐1 through the ROS‐induced p38 MAPK and STAT3 activation, leading to the increase in TGF‐β production by direct Egr‐1 interacting with the Egr‐1 binding site located in the TGF‐β promoter region.[100](#rmv1967-bib-0100){ref-type="ref"} SARS‐CoV PLpro similarly upmodulated p38 MAPK/STAT3‐mediated expression of Type I collagen in vitro and in vivo, mediated by non‐SMAD TGF‐β signaling including STAT6 activation, correlated with upregulated pulmonary pro‐fibrotic responses.[101](#rmv1967-bib-0101){ref-type="ref"} Furthermore, SARS‐CoV nucleocapsid (N) protein inhibited the formation of SMAD3/4 complex, resulting in blocked TGF‐β‐induced apoptosis in SARS‐CoV‐infected host cells. Meanwhile, N protein also interacted with SMAD3 and increased SMAD3‐p300 complex formation, contributing to promoted plasminogen activator inhibitor‐1 (PAI‐1) levels, and hence, tissue fibrosis,[103](#rmv1967-bib-0103){ref-type="ref"} suggesting novel therapeutic targets for SARS treatment.

![A schematic illustration of the major SARS‐CoV proteins and corresponding targets, by which the virus modulates the TGF‐β signaling pathway](RMV-28-e1967-g008){#rmv1967-fig-0008}

Influenza A is a RNA virus, pathogenic for respiratory tract that was reported to intensify fibrotic lung diseases such as idiopathic pulmonary fibrosis (IPF) through an αvβ6 integrin dependent TGF‐β activity.[104](#rmv1967-bib-0104){ref-type="ref"} In fact, pulmonary infection with H1N1 virus can result in the activation of SMAD2/3 and also can increase toll like receptor 3 (TLR3) stimulation, which in turn enhances RhoA activity, a novel mechanism contributing to αvβ6 integrin‐mediated TGF‐β activation, resulting in enhanced epithelial apoptosis, collagen deposition, and then pulmonary fibrosis (Figure [9](#rmv1967-fig-0009){ref-type="fig"}).[104](#rmv1967-bib-0104){ref-type="ref"} In addition, both influenza virus and bacterial neuraminidases (NA) directly activate latent TGF‐β by removing sialic acid motifs from the latent form in cell free systems.[105](#rmv1967-bib-0105){ref-type="ref"} Interestingly, through the activation of TGF‐β, influenza A virus NA upregulates host adhesion molecules required for bacterial binding, resulting in elevated bacterial loading in lung, a phenomenon that was inhibited after the suppression of TGF‐β signaling, proposing TGF‐β and cellular adhesins as potential molecular targets for the prevention of postinfluenza bacterial pneumonia.[106](#rmv1967-bib-0106){ref-type="ref"}

![A schematic illustration of the major influenza A proteins and corresponding targets, by which the virus modulates the TGF‐β signaling pathway](RMV-28-e1967-g009){#rmv1967-fig-0009}

Adenovirus (AV), an infectious agent of respiratory tract,[107](#rmv1967-bib-0107){ref-type="ref"} also influences TGF‐β signaling. Adenovirus E1A reduces the level of TGFβRII mRNA and protein in adenovirus‐infected cells.[108](#rmv1967-bib-0108){ref-type="ref"} The E1A protein also inhibits TGF‐β‐induced cell growth arrest by its binding to p300 and then preventing TGF‐β‐mediated expression of the cyclin‐dependent kinase inhibitors, p15 and p21.[109](#rmv1967-bib-0109){ref-type="ref"} Moreover, E1A interacts with SMAD3 and then further represses the formation of SMAD3/p300 complex.[110](#rmv1967-bib-0110){ref-type="ref"} Human hepatocellular carcinoma cells (Huh‐7) infected with AV were also reported to be insensitive to TGF‐β‐induced apoptosis; the E1A protein and E1B‐19 K were required for this resistance.[111](#rmv1967-bib-0111){ref-type="ref"}

RSV, a common cause of infant bronchiolitis and pneumonia,[112](#rmv1967-bib-0112){ref-type="ref"}, [113](#rmv1967-bib-0113){ref-type="ref"} increases TGF‐β production and signaling in human epithelial cells to facilitate its infection. RSV also induces TGF‐β and the TGF‐β dependent SMAD‐2/3 signaling in macrophages.[114](#rmv1967-bib-0114){ref-type="ref"}

Further, infection of human hepatocytes with ebola virus (EBOV), a major cause of hemorrhagic fevers, enhanced TGF‐β secretion, suggested to activate TGF‐β‐regulated signaling pathways, ERK1/2, p38 MAPK, and SMAD3, leading to the induction of an EMT‐like phenotype in infected cells.[115](#rmv1967-bib-0115){ref-type="ref"} Similarly, reovirus also stimulates TGF‐β signaling in murine model of encephalitis in vivo, by inducing TGFβRI expression, and by activating SMAD3 factor, contributing to neuronal survival.[116](#rmv1967-bib-0116){ref-type="ref"}

6. CONCLUSIONS {#rmv1967-sec-0013}
==============

TGF‐β signaling is a critical target of viruses during course of tumorigenesis. It also seems to be involved in viral‐induced pulmonary fibrosis, renal diseases, and pregnancy‐associated complications. Viruses utilize various mechanisms to modulate this pathway, which appears to be through (Table [1](#rmv1967-tbl-0001){ref-type="table"}, Figure [1](#rmv1967-fig-0001){ref-type="fig"}) (1) modulation of either TGF‐β protein expression or activation, (2) modulation of the TGF‐β receptors or SMADs factors (by interfering with their levels and functions), (3) modulation of none‐SMAD cascades, and (4) indirect interaction by the modulation of transcriptional co‐activator/repressor and regulators of the pathway. Two major TGF‐β‐regulated events that are modulated by most, if not all, viruses are exacerbated cell growth and induction of fibrosis. Hence, as a pivotal pathway modified by viruses in particular in cancer, TGF‐β signaling should be assessed as an appropriate therapeutic target. So that, TGF‐β antibodies, antisense oligonucleotides, and small molecules targeting TGFβRI have demonstrated therapeutic potentials.[8](#rmv1967-bib-0008){ref-type="ref"}

###### 

Viral‐mediated alterations in the TGF‐β signaling pathway

  Viral pathogen                                                                                                                           Viral Factor                                                                                                                         Mechanism/Effect                                                                                                                                                                 References
  ---------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------ -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------
  HCV                                                                                                                                      Core                                                                                                                                 ‐upregulated TGF‐β expression, both in vivo and in vitro.                                                                                                                        [28](#rmv1967-bib-0028){ref-type="ref"}
  ‐suppressed TGF‐β--induced p21 expression by acting through the TGF‐β‐responsive element (TβRE) positioned in the p21 promoter region.   [32](#rmv1967-bib-0032){ref-type="ref"}                                                                                                                                                                                                                                                                               
  ‐inhibited SMAD3‐mediated transcriptional activation via reducing the SMAD3 DNA binding ability.                                         [35](#rmv1967-bib-0035){ref-type="ref"}                                                                                                                                                                                                                                                                               
  ‐activated TGF‐β protein through the induction of THBS.                                                                                  [29](#rmv1967-bib-0029){ref-type="ref"}                                                                                                                                                                                                                                                                               
  E2                                                                                                                                       ‐overexpressed TGF‐β expression by enhancing GRP94.                                                                                  [24](#rmv1967-bib-0024){ref-type="ref"}                                                                                                                                          
  NS5A                                                                                                                                     ‐downregulated TGF‐β expression via reducing AP‐1.                                                                                   [24](#rmv1967-bib-0024){ref-type="ref"}                                                                                                                                          
  ‐repressed TGF‐β mediated‐apoptosis via inducing the PI3K‐Akt survival pathway by PTEN inhibition.                                       [38](#rmv1967-bib-0038){ref-type="ref"}                                                                                                                                                                                                                                                                               
  ‐blocked TGF‐β signaling and P21 expression through TGFbRI suppression.                                                                  [31](#rmv1967-bib-0031){ref-type="ref"}                                                                                                                                                                                                                                                                               
  NS3                                                                                                                                      ‐suppressed SMAD3‐induced transcriptional activation via decreasing the SMAD3 DNA binding activity.                                  [33](#rmv1967-bib-0033){ref-type="ref"}                                                                                                                                          
  NS3‐4A                                                                                                                                   ‐increased TGF‐β signaling by the inhibition of SMURF2.                                                                              [14](#rmv1967-bib-0014){ref-type="ref"}                                                                                                                                          
  ‐                                                                                                                                        ‐TGF‐β overexpression, mediated by ROS‐induced p38, JNK, ERK MAPK pathways induction leading to NF‐κB activation.                    [30](#rmv1967-bib-0030){ref-type="ref"}                                                                                                                                          
  ‐extracellular matrix (ECM) deposition by JNK/pSmad3L‐mediated PAI‐1 upregulation.                                                       [37](#rmv1967-bib-0037){ref-type="ref"}                                                                                                                                                                                                                                                                               
  ‐upregulated TGF‐β through induced ER stress responses.                                                                                  [26](#rmv1967-bib-0026){ref-type="ref"}                                                                                                                                                                                                                                                                               
  HBV                                                                                                                                      HBx                                                                                                                                  ‐induction of the JNK/pSmad3L/c‐Myc tumor supportive pathway in the early stages of liver carcinogenesis.                                                                        [43](#rmv1967-bib-0043){ref-type="ref"}
  ‐upregulated signaling through PPM1a downmodulation.                                                                                     [7](#rmv1967-bib-0007){ref-type="ref"}                                                                                                                                                                                                                                                                                
  ‐upregulated TGF‐β expression by acting through the Egr transcription factors binding site.                                              [45](#rmv1967-bib-0045){ref-type="ref"}                                                                                                                                                                                                                                                                               
  ‐stabilized SMADs complex by interacting with SMAD4.                                                                                     [46](#rmv1967-bib-0046){ref-type="ref"}                                                                                                                                                                                                                                                                               
  ‐impeded TGF‐β induced‐apoptosis via upregulating the PI3‐kinase signaling pathway.                                                      [47](#rmv1967-bib-0047){ref-type="ref"}                                                                                                                                                                                                                                                                               
  HBV transcripts                                                                                                                          ‐suppressed TGF‐β induced‐apoptosis through absorbing miR‐15a that in turn targets and increases SMAD7.                              [48](#rmv1967-bib-0048){ref-type="ref"}                                                                                                                                          
  HPV                                                                                                                                      HPV16 E6                                                                                                                             ‐enhanced TGF‐*β* expression through the interaction with the Sp1‐binding site located in the TGF‐β promoter.                                                                    [52](#rmv1967-bib-0052){ref-type="ref"}
  HPV16 E7                                                                                                                                 ‐blocked signaling through the inhibition of SMAD3 DNA binding activity.                                                             [54](#rmv1967-bib-0054){ref-type="ref"}                                                                                                                                          
  ‐interrupted anti‐growth effects by interfering with the cyclin‐dependent kinase inhibitors p21^CIP1^, p27^KIP1^, and p15^INKB^.         [57](#rmv1967-bib-0057){ref-type="ref"}                                                                                                                                                                                                                                                                               
  ‐increased TGF‐*β* levels via the interaction with the Sp1‐binding site located in the TGF‐β promoter.                                   [52](#rmv1967-bib-0052){ref-type="ref"}                                                                                                                                                                                                                                                                               
  HPV16 E5                                                                                                                                 ‐blocked signaling through the downregulation of TGFbRII, and by decreasing SMAD2 phosphorylation and SMAD4 nuclear translocation.   [55](#rmv1967-bib-0055){ref-type="ref"}                                                                                                                                          
  HPV18 E6                                                                                                                                 ‐suppressed TGFbRIII expression via targeting TIP‐2/GIPC.                                                                            [56](#rmv1967-bib-0056){ref-type="ref"}                                                                                                                                          
  HPV8 and MmuPV1 E6                                                                                                                       ‐blocked signaling through interacting with SMAD2/SMAD3.                                                                             [59](#rmv1967-bib-0059){ref-type="ref"}                                                                                                                                          
  HPV5 E6                                                                                                                                  ‐destabilizing the SMAD3/SMAD4 complex by interacting with SMAD3.                                                                    [58](#rmv1967-bib-0058){ref-type="ref"}                                                                                                                                          
  EBV                                                                                                                                      LMP‐1                                                                                                                                ‐blocked SMAD/CBP‐p300 complex formation by the induction of NF‐κB that competitively interacts with CBP‐p300.                                                                   [66](#rmv1967-bib-0066){ref-type="ref"}
  ‐upmodulated Id1 expression through ATF3 suppression.                                                                                    [67](#rmv1967-bib-0067){ref-type="ref"}                                                                                                                                                                                                                                                                               
  ‐increased fibronectin expression and secretion by upregulating the JNK/SAPK pathway.                                                    [68](#rmv1967-bib-0068){ref-type="ref"}                                                                                                                                                                                                                                                                               
  ‐enhanced TGF‐β expression and SMAD2 phosphorylation.                                                                                    [68](#rmv1967-bib-0068){ref-type="ref"}                                                                                                                                                                                                                                                                               
  EBNA‐1                                                                                                                                   ‐repression of the tumor suppressor, PTPRK, in Hodgkin lymphoma cells by decreasing SMAD2 levels.                                    [69](#rmv1967-bib-0069){ref-type="ref"}                                                                                                                                          
  ‐inhibition of the tumor suppressor, βig‐h3, and PAI‐1 in carcinoma cells via reducing SMAD2 levels.                                     [70](#rmv1967-bib-0070){ref-type="ref"}                                                                                                                                                                                                                                                                               
  BARF1                                                                                                                                    ‐reduced SMAD4 levels, mediated by NF‐κB upregulation, which in turn enhances miR‐146a‐5p to target SMAD4 in gastric cancer.         [71](#rmv1967-bib-0071){ref-type="ref"}                                                                                                                                          
  KSHV                                                                                                                                     LANA                                                                                                                                 ‐downregulated TGFbRII by LANA‐mediated histone methylation and deacetylation of TGFbRII promoter.                                                                               [77](#rmv1967-bib-0077){ref-type="ref"}
  vFLIP                                                                                                                                    ‐downregulated SMAD2 through the induction of oncogenic miR‐17‐92.                                                                   [75](#rmv1967-bib-0075){ref-type="ref"}                                                                                                                                          
  vCyc                                                                                                                                     ‐downmodulated SMAD2 via the induction of oncogenic miR‐17‐92.                                                                       [75](#rmv1967-bib-0075){ref-type="ref"}                                                                                                                                          
  miR‐K12‐11                                                                                                                               ‐suppressed SMAD5 by targeting SMAD5 mRNAs.                                                                                          [76](#rmv1967-bib-0076){ref-type="ref"}                                                                                                                                          
  miR‐K10                                                                                                                                  ‐downregulated TGFbRII through targeting TGFbRII mRNAs.                                                                              [74](#rmv1967-bib-0074){ref-type="ref"}                                                                                                                                          
  miR‐K12                                                                                                                                  ‐repressed THBS1 by targeting THBS1 mRNAs.                                                                                           [78](#rmv1967-bib-0078){ref-type="ref"}                                                                                                                                          
  vIRF‐1                                                                                                                                   ‐inhibited SMAD3/SMAD4 complex formation by vIRF‐1 interaction with both SMAD3/4.                                                    [79](#rmv1967-bib-0079){ref-type="ref"}                                                                                                                                          
  K‐bZIP                                                                                                                                   ‐suppression of transcription initiation complexes via CBP inhibition by K‐bZIP.                                                     [80](#rmv1967-bib-0080){ref-type="ref"}                                                                                                                                          
  HTLV‐1                                                                                                                                   Tax                                                                                                                                  ‐overexpressed TGF‐β mRNA and protein in mice model.                                                                                                                             [84](#rmv1967-bib-0084){ref-type="ref"}
  ‐inhibited SMAD/p300 complex formation by competitive interactions with both SMAD and p300.                                              [81](#rmv1967-bib-0081){ref-type="ref"}                                                                                                                                                                                                                                                                               
  ‐suppressed SMAD3 DNA binding activity through JNK/c‐Jun activation and then c‐Jun/SMAD3 interaction.                                    [83](#rmv1967-bib-0083){ref-type="ref"}                                                                                                                                                                                                                                                                               
  HBZ                                                                                                                                      ‐increased SMAD/p300 complex formation by HBZ‐mediated ternary complex formation (SMAD3‐HBZ‐p300).                                   [82](#rmv1967-bib-0082){ref-type="ref"}                                                                                                                                          
  CMV                                                                                                                                      IE1                                                                                                                                  ‐enhanced TGF‐β expression in vitro.                                                                                                                                             [88](#rmv1967-bib-0088){ref-type="ref"}, [89](#rmv1967-bib-0089){ref-type="ref"}
  ‐activation of latent TGF‐β via increasing matrix metalloprotease 2 (MMP‐2).                                                             [85](#rmv1967-bib-0085){ref-type="ref"}                                                                                                                                                                                                                                                                               
  IE2                                                                                                                                      ‐promoted TGF‐β expression through interacting with the Egr‐1 DNA‐binding protein in human glioma cells.                             [90](#rmv1967-bib-0090){ref-type="ref"}                                                                                                                                          
  ‐activation of latent TGF‐β by inducing matrix metalloprotease 2 (MMP‐2).                                                                [85](#rmv1967-bib-0085){ref-type="ref"}                                                                                                                                                                                                                                                                               
  ‐                                                                                                                                        ‐repressed EVT proliferation and invasion by disrupting the TGF‐β signaling pathway.                                                 [86](#rmv1967-bib-0086){ref-type="ref"}                                                                                                                                          
  ‐manipulated both TGF‐β protein and signaling in renal transplant patients.                                                              [85](#rmv1967-bib-0085){ref-type="ref"}, [93](#rmv1967-bib-0093){ref-type="ref"}                                                                                                                                                                                                                                      
  ‐increased collagen IV expression in the placenta, as a result of αvβ6 integrin‐mediated TGF‐β protein and signaling activation.         [94](#rmv1967-bib-0094){ref-type="ref"}                                                                                                                                                                                                                                                                               
  HIV‐1                                                                                                                                    gp160                                                                                                                                ‐elevated TGF‐β mRNA expression and protein secretion in human PBMC.                                                                                                             [98](#rmv1967-bib-0098){ref-type="ref"}
  gp120                                                                                                                                    ‐exacerbate HCV‐caused liver disease by upregulating TGF‐β expression.                                                               [99](#rmv1967-bib-0099){ref-type="ref"}                                                                                                                                          
  SARS‐CoV                                                                                                                                 PLpro                                                                                                                                ‐promoted TGF‐β mRNA and protein production by p38 MAPK and ERK1/2‐mediated pathways in human promonocytes.                                                                      [102](#rmv1967-bib-0102){ref-type="ref"}
  ‐stimulated TGF‐β production by Egr‐1 upmodulation mediated via ROS‐induced p38 MAPK and STAT3 activation.                               [100](#rmv1967-bib-0100){ref-type="ref"}                                                                                                                                                                                                                                                                              
  ‐enhanced p38 MAPK/STAT3‐mediated expression of type I collagen in vitro and in vivo, through non‐SMAD TGF‐β signaling.                  [101](#rmv1967-bib-0101){ref-type="ref"}                                                                                                                                                                                                                                                                              
  N                                                                                                                                        ‐suppressed TGF‐β‐induced apoptosis by disrupting SMAD3/SMAD4 complex.                                                               [103](#rmv1967-bib-0103){ref-type="ref"}                                                                                                                                         
  ‐enhanced PAI‐1‐induced tissue fibrosis via SMAD3/p300 complex promotion.                                                                [103](#rmv1967-bib-0103){ref-type="ref"}                                                                                                                                                                                                                                                                              
  Influenza A                                                                                                                              NA                                                                                                                                   ‐upregulated host adhesion molecules required for bacterial binding, as a result of both TGF‐β protein and signaling activation, leading to postinfluenza bacterial pneumonia.   [106](#rmv1967-bib-0106){ref-type="ref"}
  ‐                                                                                                                                        ‐promoted pulmonary fibrosis by αvβ6 integrin‐mediated both TGF‐β protein and signaling activation.                                  [104](#rmv1967-bib-0104){ref-type="ref"}                                                                                                                                         
  AV                                                                                                                                       E1A                                                                                                                                  ‐blocked signaling by downregulating TGFβRII mRNA and protein.                                                                                                                   [108](#rmv1967-bib-0108){ref-type="ref"}
  ‐suppressed TGF‐β‐mediated cell growth arrest by interacting with p300 and SMAD3.                                                        [109](#rmv1967-bib-0109){ref-type="ref"}                                                                                                                                                                                                                                                                              
  RSV                                                                                                                                      ‐                                                                                                                                    ‐promoted TGF‐β production and signaling in human epithelial cells and macrophages.                                                                                              [114](#rmv1967-bib-0114){ref-type="ref"}
  EBOV                                                                                                                                     ‐                                                                                                                                    ‐enhanced TGF‐β production and signaling, leading to ERK1/2 and p38 MAPK activation, and then an EMT‐like phenotype in infected cells.                                           [115](#rmv1967-bib-0115){ref-type="ref"}
  Reovirus                                                                                                                                 ‐                                                                                                                                    ‐elevated neuronal survival by increasing TGFβRI expression, and by activating SMAD3.                                                                                            [116](#rmv1967-bib-0116){ref-type="ref"}
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